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We measured concentrations of dissolved and leachable p rticulate lead in the water column 25 
along a 40°S zonal transect in the South Atlantic Oean, as part of the international 26 
GEOTRACES section GA10. Dissolved Pb (DPb) concentrations were highest in surface waters 27 
(8 – 29 pmol L-1) and lowest near the sea floor (< 5 pmol L-1). Estimates for mineral sourced DPb 28 
for the South Atlantic surface ocean yielded a concentration of 5 ± 1 pmol L-1, suggesting that 29 
about 59% of the 12 ± 2 pmol L-1 (n = 85) DPb present in today’s South Atlantic surface ocean 30 
has come from anthropogenic sources. Available values for wet deposition of 14 ± 12 nmol Pb m-31 
2 d-1 (Chance et al., 2015) allow the calculation of an average residence time of 35 ± 31 days for 32 
DPb in the South Atlantic surface ocean. Elevated concentrations of LpPb, reaching 28 pmol L-1, 33 
were restricted to turbid bottom waters on the South American shelf and in the Argentine Basin, 34 
suggesting that strong turbulent mixing and resuspen ion of sediments was the main source of 35 
this Pb fraction. A negative linear regression between LpPb and DPb in these turbid waters 36 
indicated that the main removal mechanism for DPb in bottom waters on the shallow South 37 
American shelf and in nepheloid layers in the abyssal planes of the Argentine basin was the 38 
scavenging of DPb onto the surfaces of resuspended sediment particles.  39 
Elevated DPb concentrations in surface waters near the South African (23 ± 3 pmol L-1 (n = 40 
22)), and South American (18 ± 3 pmol L-1 (n = 14)), continental margins coincided with the 41 
position and extension of the Agulhas (AC) and Brazil Current (BC). Elevated DPb 42 
concentrations of 12 ± 1 pmol L-1 (n = 30) at depth in the Argentine Basin (the western basin of 43 
the 40°S transect) coincided with the spreading of N rth Atlantic Deep Water (NADW) in the 44 















(n = 22) corresponded with Weddell Sea Deep Water and Antarctic Bottom Water, located below 46 
NADW in the Argentine and Cape Basins (the eastern basin of the 40°S transect).  47 
 48 















1. Introduction 50 
Lead (Pb) is a heavy metal and anthropogenic emission  to the atmosphere result in elevated 51 
concentrations in the environment (Krause et al., 1993; Boyle et al., 2014; Echegoyen et al., 52 
2014). Anthropogenic Pb emissions peaked in the 1970s due to the combustion of tetraethyllead 53 
(TEL) in leaded gasoline and by high temperature combustion in coal burning power plants and 54 
ore smelters (Damle t al., 1981; Cziczo et al., 2009; Engineering, 2011; European Environment 55 
Agency, 2018). These artificial airborne particles are generally very small (50 nm to 1 µm  56 
(Murphy et al., 2007)) and therefore tend to be transported in the atmosphere over greater 57 
distances than mineral dust particles, which are generally larger than 1 µm (Mahowald et al., 58 
2018). This enables the transport of anthropogenic Pb to remote open ocean regions (McConnell 59 
et al., 2014) and increases the concentration of dissolved Pb (DPb) in the marine environment 60 
(Kelly et al., 2009).  61 
Information from banded coral archives suggest thatpre-industrial dissolved Pb (DPbpre) 62 
concentrations in the North Atlantic surface ocean near Bermuda were roughly 15 pmol L-1 (Shen 63 
and Boyle, 1987; Lima et al., 2005; Kelly et al., 2009). Surface waters collected at the Bermuda 64 
Atlantic Time-series Study (BATS) site during the 1970s (peak in anthropogenic Pb emissions) 65 
contained circa 200 pmol DPb L-1 (Boyle et al., 2014). Together this suggests that just 7% of the 66 
DPb at BATS in the 1970s came from mineral dust (Pbmin), while 93% came from anthropogenic 67 
sources (Pbanth), most likely located in North America and Europe (Boyle et al., 2014). The 68 
effectiveness of beginning to ban TEL in the 1970th (a process still ongoing in Yemen and 69 
Algeria (Akumu 2019)) and of restricting emissions related to other anthropogenic sources 70 















Atlantic surface waters down to present day values of around 20 pmol DPb per liter of seawater 72 
(Noble et al., 2015; Zurbrick et al., 2018).  73 
As with other such accidental introduced tracers, like chlorofluorocarbons (Fine 2011), 74 
anthropogenic Pb is making its way into the ocean interior. Even though DPb is quickly removed 75 
from surface seawater by scavenging onto particle and colloidal surfaces (Helmers and van der 76 
Loeff, 1993; Luengen et al., 2007; Chuang et al., 2014; Yang et al., 2015), DPb levels of roughly 77 
50 pmol L-1 can be found at 20°N between 800 and 2,000 m depth in the North Atlantic, related 78 
to spreading of North Atlantic Deep Water (NADW) formed roughly 50 years ago 79 
(GEOTRACES, IDP 2017, GA02 & GA03 (Noble et al., 2015; Schlitzer et al., 2018)). Elevated 80 
DPb concentrations of similar magnitude have been rported for Subantarctic Mode Water in the 81 
Indian Ocean (Lee t al., 2015), waters of the Agulhas Current in the South Atlantic (Paul et al., 82 
2015), for Pacific Deep Water in the Chinese Sea (Chen et al., 2016; Chien et al., 2017), for 83 
Mediterranean Overflow Water (MOW) in the West Atlan ic (Noble et al., 2015; Rusiecka et al., 84 
2018; Zurbrick et al., 2018) and deep Antarctic waters in the Indian sector (Boyle et al., 2014), 85 
all suggesting that DPb can be used as a useful water mass tracer. Meanwhile, reduced DPb 86 
concentrations in younger MOW and NADW (Zurbrick et al., 2018), reflects the decline in 87 
anthropogenic Pb emissions with stricter environmental regulations (European Environment 88 
Agency, 2018).   89 
Although we have gained a lot of knowledge about the past and present distribution of Pb in 90 
the North Atlantic and North Pacific Oceans, less i known about DPb in the oceans of the 91 
Southern Hemisphere, especially at mid- to high latitudes. In this study, we present the 92 
concentrations of DPb and leachable particulate Pb (LpPb) along the GEOTRACES section 93 















Pbmin and Pbanth of the South Atlantic surface ocean, estimate the residence time for DPb in 95 
surface waters, and discuss the interaction between DPb and LpPb. Lastly, we identify water 96 
masses with characteristic DPb concentrations. 97 
 98 
2. Methods 99 
2.1 Water sampling 100 
Seawater samples for Pb analysis were collected during two UK GEOTRACES cruises 101 
sampling the GA10 section in the South Atlantic Ocean, from Cape Town, South-Africa to 102 
Montevideo, Uruguay. The first cruise took place in October/November 2010 on RRS Discovery 103 
(D357, Figure 1: grey circles, covering St. 1 to St. 6, additional station 4.5 and 2.5 contain only 104 
temperature, salinity, and nutrient data). The cruise was restricted to the eastern part of the Cape 105 
Basin due to a medical evacuation. The second cruise took place the following year, from 106 
December 2011 to January 2012 on RRS James Cook (JC068 Figure 1: black circles, covering 107 
repeat station 1 to 3 and station 7 to station 24) and completed the zonal transect. Due to 108 
challenges with the conductivity-temperature-depth (CTD) water sampling device, station 109 
numbers 10 and 23 were excluded.  110 
During JC068, 113 surface samples were collected using a tow-fish deployed from the 111 
starboard side of the ship at 3 – 4 m water depth. The seawater was pumped through a completely 112 
enclosed acid-cleaned polyvinylchloride (PVC) tubing system into a class 100 clean laboratory 113 
container using a Teflon bellows pump (Almatec E-Series). Dissolved samples were filtered 114 
inline through a staggered cartridge filter (0.8/0.2 µm, AcroPak1000™) and collected in acid-115 















Vertical profiles with a maximum of 24 DPb and 12 total dissolvable (TDPb, unfiltered) 117 
samples were collected at each of the 19 full depth stations using 24 trace metal clean 10 L 118 
Niskin bottles (Ocean Test Equipment, USA) mounted on a titanium frame rosette. The 119 
associated CTD was attached to a non-conductive Kevlar cable, and the Niskin bottles were 120 
triggered at programmed depths using an automated-firing module (AFM, Seabird). After 121 
recovery, the bottles were carried into the sampling laboratory container, clamped, and connected 122 
to a pressure hose providing filtered compressed air (0.2 – 0.3 bar) from a 50 L gas bottle. 123 
Dissolved samples were filtered through a staggered cartridge filter (0.8/0.2 µm, AcroPak500™) 124 
into acid washed LDPE sample bottles. Unfiltered samples were directly dispensed in acid 125 
washed LDPE sample bottles. Dissolved and total dissolvable samples were acidified with 126 
concentrated ultra-purity hydrochloric acid (HCl, Romil, UpA) to pH 1.9 (~0.016 mol H+ L-1), 127 
were stored in the dark, and shipped for later analysis at the National Oceanography Centre, 128 
Southampton, UK. Leachable particulate Pb (LpPb) was determined as the difference between 129 
DPb and TDPb (i.e., LpPb = TDPb – DPb). 130 
During D357, between 12 and 24 DPb subsurface samples were collected at each of the 6 full 131 
depth stations as described for JC068. The sampling depth ranged from 10 to 400 m on the 132 
shallow South African shelf and from 20 to 5.100 m in the Cape Basin. Total dissolvable Pb 133 
samples (unfiltered) were not collected during D357. 134 
2.2 Analysis 135 
Concentrations of Pb in seawater samples were analyzed by off-line preconcentration and 136 
isotope dilution inductively coupled plasma – mass spectrometry (ID-ICP-MS) following a 137 
modified method outlined by Rapp et al. (2017).  In short, approximately one year after 138 















acid-washed fluorinated ethylene propylene (FEP) bottles and spiked with a solution containing 140 
mainly 207Pb.  Samples were irradiated for 3.5 hours with strong ultraviolet light to destroy metal 141 
chelating compounds. The sample solution was buffered to pH 6.4 using a 2 M ammonium 142 
acetate solution made by mixing ammonia and glacial acetic acid (both ‘Fisher Optima’ grade). 143 
The resulting solution was immediately preconcentrated using a half-automated system (Preplab, 144 
PS Analytical) equipped with a 2 cm mini column (GlobalFIA) filled with a metal chelating resin 145 
(WACO) (Kagaya et al., 2009). Any salts remaining on the resin were rinsed away using 146 
deionized water (18.2 MΩ cm, MilliQ, Millipore). In the following step, retained metals on the 147 
resin were eluted in acid cleaned 4 mL polypropylene vials using 1 mL of a 1 M sub-boiled 148 
HNO3 solution. The collected vials were placed into the auto-sampler (Elemental Scientific) of 149 
the ICP-MS (Element XR, Thermo Finnigan). 150 
Certified seawater standards (SAFe S, SAFe D2 and GEOTRACES S, GEOTRACES D) 151 
were preconcentrated and analyzed with each batch of samples, in order to validate our measured 152 
sample concentrations. Values obtained agreed with reported values for the GEOTRACES and 153 
the SAFe reference material (Table 1). The analytical error corresponds to 1 standard deviation (1 154 
s.d.) of the uncertainty of the ICP analysis and mass bias correction. The precision for replicate 155 
analyses was between 1 – 3%.  The method blank (sumof Pb contribution from the buffer and 156 
manifold device) and the limit of detection (LOD, three times the standard deviation of the blank) 157 
for Pb are listed in Table 1.  158 
Unfiltered seawater for macronutrient analysis was dispensed into HCl cleaned, aged, high 159 
density polyethylene (HDPE) bottles using clean sample handling techniques according to the 160 
GO-SHIP nutrient protocols (Hydes et al., 2010). All collected samples were analyzed 161 















Luebbe) for micromolar concentrations (Woodward and Rees, 2001) or a segmented flow 163 
colorimetric analyzer with a 2 meter liquid waveguide flow-cell (Zhang and Chi, 2002) for nano-164 
molar phosphate concentrations.  165 
An extended Optimum Multiparameter (eOMP) analysis was conducted to identify water 166 
masses fractions and bulk remineralization/respiration for the water masses below 500 m depth 167 
(supp. Figure S1) (García-Ibáñez t al., 2018). We used the Matlab package Version 2 168 
available on the internet (omp.geomar.de). Water mass parametrization and parameter weighting 169 
are described in detail in the suppl. Text S1.  170 
 171 
3. Results  172 
3.1 Hydrographic settings 173 
Two coastal surface water masses were identified during the cruise transect: the warm (15 174 
– 25°C) and salty (35 – 37 PSU) Brazil Current (BC) near the South American margin and the 175 
warm (15 – 23°C) and less salty (34 – 35 PSU) Agulhas Current (AC) near the South African 176 
margin (Figures 1A & 1B). The Brazil and Agulhas Current were both easily discernible down to 177 
400 – 500 m depth and were depleted in dissolved inorganic phosphorous (DIP < 0.2 µmol L-1) 178 
(Figure 1C), and dissolved inorganic nitrogen (not shown in the figure).   179 
After arising from the westward flowing South Equatorial Current further north at 10°S 180 
(Stramma et al., 1990), the southward flowing Brazil Current deflects towards the east at the 181 
Brazil-Malvinas Confluence at around 40°S (McCartney, 1977; Stramma et al., 1990), forming 182 
the South Atlantic Current (SAC), the southern branch of the South Atlantic Gyre (SAG). 183 
The Agulhas Current, which has arisen from the East Madagascar Current and the 184 















the South African margin. Part of it becomes the Benguela Current (not shown) in the eastern 186 
South Atlantic and part retroflects at 15°E to merge with the eastward flowing Antarctic 187 
Circumpolar Current (ACC) (Figure 1A).  188 
Two additional surface features are visible in the transect near the South American coast. 189 
A pronounced surface salinity minimum (< 28 PSU) exists on the South American shelf, 190 
corresponding to the input of freshwater from the La Plata River (supp. Figure S2), and shoaling 191 
of the nutricline and isotherms by two anticyclonic eddies is also visible by their sea surface 192 
height anomaly along the section between 40°W and 50°W (Figure 1C, S3).  193 
Two upper layer water masses within the top 400 – 500 m of the water column were 194 
visible outside of the continental margins: the warm (>16°C) and salty (~35.5 PSU) Subtropical 195 
Surface Water (STSW) in the Argentine Basin, and the colder (<16°C) and fresher (~34.5 PSU) 196 
Subantarctic Surface Water (SASW) in the Cape Basin (Figure 1A & 1B). These water masses 197 
join at the Subtropical Front (STF) at roughly 40°S, where northeastward flowing SASW from 198 
the Antarctic Circumpolar Current (ACC) mix with westward flowing STSW (Stramma and 199 
Peterson, 1990) (Figure 1A). The STF represents an important transition zone, where the 200 
availability of DIN and DIP shifts from depleted inthe north to replete in the south. The 201 
latitudinal position of the STF changes seasonally nd at the time of the cruise it was south of 202 
40°S in the Argentine Basin and north of 40°S in the Cape Basin (Figure 1A). 203 
Two subsurface water masses were identified in the depth range between 500 and 1,750 m 204 
depth:  Antarctic Intermediate Water (AAIW) overlying Upper Circumpolar Deep Water 205 
(UCDW). At 40°S, the AAIW was located between 500 and 1,250 m water depth, identifiable 206 
from its prominent salinity minimum of ~34.2 PSU (Figure 1B and supp. Figure S1). Upper 207 















identifiable by a pronounced DIP maximum centered at 1,500 m depth (~ 2.25 µmol L-1) (Figure 209 
1C). Antarctic Intermediate Water is formed by subdction between the Polar Front and the 210 
Subantarctic Zone in the ACC (Sloyan and Rintoul, 2001), while UCDW is produced by 211 
isopycnal and diapycnal mixing of Indian Ocean Deep Water with Pacific Deep Water, which 212 
spreads into the ACC zone from the north, and represents the return branch of the South Atlantic 213 
thermohaline overturning circulation (McDonagh and King, 2005; Morozov et al., 2010). 214 
Water masses of the deep ocean were identified visually and by the eOMP analysis as 215 
North Atlantic Deep Water (NADW) and Antarctic Bottm Water (AABW) which include 216 
Weddell Sea Deep Water (WSDW) (Figure 1B and supp. Figure S1). North Atlantic Deep Water 217 
is found between 1,750 m and 3,000 m depth and was observed over the entire 40°S section. 218 
North Atlantic Deep Water was identified by its salinity maximum of >34.75 PSU and DIP 219 
minimum of <2.1 µmol L-1 (Figure 1B & 1C). Younger and less modified NADW is carried 220 
southward with the Deep Western Boundary Current (DWBC (Garzoli et al., 2015)), near the 221 
South American margin, as this is indicated visually by the strongly developed salinity maximum 222 
and DIP minimum (Figure 1C), and numerically by highest fractions of NADW calculated via the 223 
eOMP analysis (supp. Figure S1). North Atlantic Deep Water is composed from water masses 224 
that enter the subpolar North Atlantic through the de pest parts of the Greenland Scotland Ridge 225 
system and by convective overturn of water masses in the Labrador Sea. North Atlantic Deep 226 
Water is transported southwards predominately in the DWBC (Iudicone et al., 2008; Talley et al., 227 
2011; Garzoli et al., 2015). Antarctic Bottom Water is observed below 3,000 m depth and 228 
contained the coldest (<1°C) and most nutrient-rich waters (DIP > 2.3 µmol L-1) along the section 229 
(Figure 1C). Antarctic Bottom Water is formed at several locations over the Antarctic slope (e.g., 230 















Cooperation Sea), and is a mixture of Antarctic Shelf Water with Circumpolar Deep Water (Orsi 232 
et al. 1999) and NADW (Siedler et al. 2001). Weddell Sea Deep Water, part of AABW, is 233 
positioned below 3,500 m depth and is restricted to the abyssal planes of the Argentine Basin.  234 
 235 
3.2 Distribution of DPb and LpPb in the water column 236 
Dissolved Pb concentrations in the surface waters ranged from 8 to 29 pmol L-1, with 237 
average concentrations of 12 ± 2 (1 s.d.) pmol L-1 (n = 85) for the subtropical and subantarctic 238 
surface waters (STSW & SASW) (Figure 2A & 4). Elevated DPb values (23 ± 3 pmol L-1 (n = 239 
22)) were found in the upper 500 m at St. 1 – 4 near the South African margin (i.e., the Agulhas 240 
Current). Slightly less elevated DPb concentrations (18 ± 3 pmol L-1 (n = 14)) were found near 241 
the South American margin, coinciding with the positi n of the Brazil Current at roughly 52°W 242 
(St. 20 & 21). At station 24, on the South American shelf, DPb concentrations decreased with 243 
depth from 9 pmol L-1 at 18 m, to 5 pmol L-1 near the seafloor at 52 m depth (Figure 3A & S2). In 244 
addition, a subsurface filament of low DPb concentrations extended from the shelf to circa 100 245 
km offshore (St. 24 & 23) (supp. Figure S2). Below the upper 400 m of the water column, DPb 246 
concentrations decreased with depth and produced a subsurface maximum (12 ± 1 pmol L-1 (n = 247 
30)) in the Argentine Basin (St. 12 – 22) between 1,750 m and 3,000 m depth, coinciding with 248 
the spread of NADW. The deep DPb maximum is not well reproduced by the ODV plot in Figure 249 
2, but can be clearly recognized in the supp. Figure S4 and the box-whiskers-plot in Figure 4. 250 
Below 3000 m depth, DPb concentrations decreased, with average concentrations of 5 ± 1 pmol 251 
L-1 (n = 26) and 6 ± 1 pmol L-1 (n = 22) near the seafloor at 5,500 m depth in the center of the 252 
Argentine and Cape Basins, respectively. These low DPb waters correspond to WSDW and 253 















Leachable particulate Pb (LpPb) concentrations ranged from bellow the limit of detection 255 
(LOD) to 28 pmol L-1. Elevated concentrations were restricted to bottom waters on the shallow 256 
South American shelf below 30 m depth (St. 24), andbelow 4,500 m depth in the Argentine 257 
Basin (Figures 2B & 3). At St. 24, for example, LpPb increased with depth from 4 pmol L-1 at 18 258 
m depth, to 28 pmol L-1 at 52 m depth (Figure 3A). At the remaining sites n the water column, 259 
LpPb concentrations stayed uniformly low, ranging from <LOD to 5 pmol L-1.  260 
Dissolved Pb concentrations measured for the crossover station shared with GA02 261 
(40.0°S, 42.4°W) are in good agreement with the results from the earlier section (Schlitzer t al., 262 
2018) (supp. Figure S5). In contrast, DPb concentrations measured for the crossover station 263 
shared with GIPY04 (36.4°S, 13.1°E) are significantly lower (Schlitzer et al., 2018), but very 264 
similar to DPb concentrations from discrete Pb isotope samples collected during D357/JC068 265 
(supp. Figure S5). The isotope-derived data was provided by Maxence Paul, Tina van de Flierth 266 
and Mark Rehkamper (Imperial College London). Elevat d DPb concentrations of up to 29 pmol 267 
L-1 detected near the South African continental margin in the Agulhas current are in good 268 
agreement with literature values from the same locati n (28 pmol L-1 (Helmers and van der 269 
Loeff, 1993); 29 pmol L-1 (Paul et al., 2015)). Leachable particulate Pb concentrations of the 270 
present study are substantially lower than recent literature values from the Celtic Sea (~10 – 550 271 
pmol L-1 (Rusiecka et al., 2018)). 272 
 273 
4. Discussion 274 
4.1 Pbmin vs. Pbanth: What fraction dominates the DPb pool in the South Atlantic surface ocean? 275 
Recent studies have reported DPb concentrations in the Atlantic surface ocean averaging 276 















and mid-latitudinal North Atlantic (Noble t al., 2015; Bridgestock et al., 2016; Zurbrick et al., 278 
2018), and about 15 pmol L-1 in the Southeast Atlantic (Paul et al., 2015). Data we have 279 
presented here show that DPb concentrations in the South Atlantic surface ocean, at 12 ± 2 pmol 280 
DPb L-1 (n = 85) are consistently lower than in the North Atlantic (Noble et al., 2015; 281 
Bridgestock et al., 2016; Bridgestock et al., 2018; Rusiecka et al., 2018), but similar to values 282 
from the Southeast Atlantic (Paul et al., 2015) and other Southern Hemisphere oceans, like the 283 
South Pacific and Southern Ocean (10 – 15 pmol L-1) (GP13, GP16, and GIPY06 (Schlitzer et al., 284 
2018)). Recent measurements of Pb isotopes suggest that 50 to 98% of the DPb in the present day 285 
northern hemisphere surface ocean still originates from anthropogenic sources (Bridgestock et 286 
al., 2016). However, the extent to which DPb in the South Atlantic is anthropogenic versus 287 
mineral in origin remains unknown. 288 
To determine whether anthropogenic or mineral Pb (Panth and Pbmin, respectively) is 289 
dominating the present DPb pool in the South Atlantic surface ocean, we estimated Pbmin through 290 
a set of calculations, using past and present dust deposition data. First we estimated the amount of 291 
mineral and anthropogenic Pb in airborne particles from the Southern Hemisphere, using the ratio 292 
(RPb ) of present and pre-industrial atmospheric Pb fluxes (Eq. 1).  293 
RPb = δPbpresent/δPbpre-ind                                                   (Eq. 1) 294 
We calculated RPb for a set of 16 Antarctic ice core archives from the literature (McConnell et al., 295 
2014). McConnell et al. (2014), for example, reported that atmospheric Pb fluxes to Antarctica 296 
increased from 1.0 nmol m-2 y-1 in the 1850s (equals our δPbpre-ind) to 3.0 nmol m
-2 y-1 in the 297 
1920s and 3.5 nmol m-2 y-1 in the 1970s, the time of peak anthropogenic Pb emissions. Since the 298 
1970s, atmospheric Pb fluxes to Antarctica have dropped gradually to present day values of 2.4 299 















present Pb fluxes to Antarctica are 2.4 times greate  than they were 160 years ago and that 42% 301 
of present day atmospheric Pb fluxes to Antarctica are mineral Pb (~1.0 nmol m-2 y-1), and 58% 302 
are anthropogenic in nature (~1.4 nmol m-2 y-1). Another Pb dataset from a glacier in the Bolivian 303 
Andes yield a similar RPb ratio of 2.5 between the 1870s and 2010 (Eichler et al., 2015), 304 
suggesting that present atmospheric Pb fluxes are similarly elevated throughout other parts of the 305 
southern hemisphere. 306 
We then calculated the concentration of Pbmin y dividing 12 ± 2 pmol L
-1 (the average DPb 307 
concentration of surface waters in this study) by RPb (Eq. 2), assuming that the DPb of the surface 308 
ocean is in equilibrium with that of the atmosphere. 309 
Pbmin = DPb/RPb                                                   (Eq. 2) 310 
This new approach yields a concentration of Pbmin of 5 ± 1 pmol L
-1 (42% of the DPb pool). 311 
Based on the relationship DPb = Pbanth + Pbmin, we estimated Pbanth to be 7 ± 1 pmol L
-1. Some 312 
simplifications had to be made for the Pbmin estimate: Due to a current lack of data, our approach 313 
neglects the fractional solubility of Pbmin and Pbanth particles (Hsu et al., 2005), creating an 314 
unknown degree of uncertainty. Therefore, our result for Pbmin and Pbanth should be taken 315 
cautiously and seen in context with other available data.  316 
The abundance of Pbmin in percent in our study region (42%) falls within the 2 – 50% range 317 
reported for the North Atlantic (Bridgestock et al., 2016). In addition, the isotopic Pb ratio for 318 
surface waters of the Southeast Atlantic, west of the Agulhas Current (206Pb/207Pb: ~ 1.165 (Paul 319 
et al., 2015)), is similar to that of the anthropogenically dominated North Atlantic (206Pb/207Pb: 320 
1.16 – 1.17 (Bridgestock et al., 2016; Bridgestock et al., 2018)), which confirms that a 321 
considerable amount of surface DPb (<50%) in the Southeast Atlantic originates from 322 















banded corals from the Southern Hemisphere may repres nt another chance to examine the 324 
accuracy of our estimates. We are unaware of any tropical banded coral records from the South 325 
Atlantic and unfortunately, coral records from the South Pacific and the Indian Ocean appear to 326 
be contaminated by anthropogenic Pb (e.g.: Mauritius: 25 to 29 pmol L-1 (Shen and Boyle, 1987); 327 
Sumatra: 11 to 14 pmol L-1 (Lee et al., 2014); Fiji, Galapagos, and Tutuila: 16 to 50 pmol L -1 328 
(Shen and Boyle, 1987)). Tropical banded corals older than the ones presented in the literature 329 
(oldest bands from the 1920s and the 1970s), are required to obtain reliable levels for DPbpre. 330 
 331 
4.2 Supply and removal routes of DPb in the South Atlantic 332 
The majority of the DPb in the ocean environment has been supplied originally by dry and 333 
wet deposition of airborne particles (Bridgestock et al., 2016; Zurbrick et al., 2017; Zurbrick et 334 
al., 2018), or by release from suspended particulate mtter (Noble et al., 2015; Chien et al., 2017; 335 
Rusiecka et al., 2018; Schlosser, submitted to GRL). In contrast, scavenging onto the surfaces of 336 
suspended particles is the dominant DPb removal mechanism (Luengen et al., 2007; Bridgestock 337 
et al., 2016). In the following paragraphs we will discuss the supply and removal processes that 338 
account for the 40°S South Atlantic transect and compare them to known findings. 339 
4.2.1 Aeolian Pb supply and residence time estimates 340 
Aerosol deposition fluxes determined during cruise D357 in the Southeast Atlantic using rain 341 
water collectors (Chance t al., 2015), and average climatology precipitation data, yields an 342 
average wet deposition flux for soluble Pb of 14 ± 12 nmol Pb m-2 d-1. This is two orders of 343 
magnitude higher than the dry deposition of Pb of 0.09 ± 0.50 nmol Pb m-2 d-1 determined by 344 
high volume aerosol collectors and calculated by applying a deposition velocity of Vd = 0.3 cm s
-1 345 















Pb source to the South Atlantic. This is in agreement with the general notion that wet deposition 347 
is the main supply route of airborne particles and trace metals to surface waters of the open ocean 348 
(Huneeus et al., 2011; Schlosser et al., 2014). In addition, bulk deposition fluxes to the South 349 
Atlantic are similar in range to aerosol Pb fluxes found in other remote regions, like the Arctic 350 
Ocean, of roughly 1 nmol m-2 d-1 (Marsay et al., 2018), but are higher than Pb fluxes to the 351 
Antarctic continent (~0.005 nmol Pb m-2 d-1 (McConnell et al., 2014)). 352 
We also determined an average residence time for DPb in surface waters by dividing the 353 
average depth integrated content of DPb in the surface mixed layer (494 ± 98 nmol m-2 in the 354 
upper 44 ± 8 m (criterion: sigma-theta = 0.125 (Kara et al., 2003))), by the supply of soluble Pb 355 
due to wet deposition (14 ± 12 nmol Pb m-2 d-1 (Chance et al., 2015)). We then estimated an 356 
average residence time for DPb in surface waters of 35 ± 31 days (i.e. 0 to 2 months). Our 357 
estimate is similar to the literature value from Bridgestock et al. (2016) who suggested a DPb 358 
residence time of 2 to 3 months for surface waters of the tropical and subtropical North Atlantic. 359 
In addition, a study from the North Pacific gyre and the North Atlantic refer to a DPb residence 360 
time in the range of 1.5 to 2.5 months using the isotopic disequilibrium of 210Po/210Pb (Chai and 361 
Urban, 2004).  In any case, the residence time of DPb in the surface ocean along the transect must 362 
be short enough to allow for the inter-annual variability of DPb such as observed at the BATS 363 
time series station (Veron Alain et al., 1993), but also long enough to allow spatially confined 364 
wet deposition events to be averaged to produce the obs rved uniform distribution in the surface 365 
ocean along the 40°S transect. 366 
4.2.2 Riverine input 367 
On the South American shelf, a gradually decreasing zonal freshwater lens (28 – 34 PSU) is 368 















offshore (supp. Figure S2), indicative of the mixing of freshwater from the Rio de la Plata with 370 
the surrounding seawater and zonal water mass transport following the South Atlantic Current. 371 
However, DPb concentrations within the freshwater lens are very low (varying from 7 to 9 pmol 372 
L-1; supp. Figure S2), suggesting that the freshwater from the Rio de la Plata river did not deliver 373 
large quantities of DPb into the South Atlantic. This finding is in good agreement with previous 374 
studies (Steding et al., 2000; Qian et al., 2015) that suggested that during the transition fr m 375 
riverine freshwater to seawater, DPb concentrations are diminished from a brackish water body 376 
by sorption of DPb onto surfaces of freshly precipitated particles, with subsequent accumulation 377 
of LpPb in the suspended particle pool and underlying sediments (Roussiez t al., 2011; Chuang 378 
et al., 2014; Bastami et al., 2015). 379 
4.2.3 Pb scavenging onto particle surfaces 380 
It is generally agreed that scavenging onto the surfaces of suspended particles represents the 381 
main removal mechanism for DPb from seawater (Helmers and van der Loeff, 1993; Chuang et 382 
al., 2014; Yang et al., 2015). We found evidence that this process is also taking place in the 383 
South Atlantic. 384 
At all sampling sites in the Argentine Basin, including St. 24 (Figure 3A) on the shallow 385 
shelf, and also the offshore St. 20 (Figure 3B), DPb concentrations decreased with increasing 386 
proximity to the seafloor, while LpPb concentrations concurrently increased, reaching highest 387 
concentrations close to the seafloor. At St. 20 below 4400 depth, DPb concentrations remained 388 
the same (9.3 ± 0.4 pmol L-1 (n = 3)). In addition, elevated LpPb and reduced DPb concentrations 389 
coincided with elevated turbidity, as indicated by the reduced transmittance in the nepheloid layer 390 
near the seafloor (Figure 3A and 3B), supporting the notion that the sorption onto resuspended 391 















transmissometer data, these nepheloid layers in the deep ocean (Richardson et al., 1993) extended 393 
up to 250 m above the seafloor (Figure 3B) and were r stricted to the Argentine Basin (i.e., they 394 
were not observed in the Cape Basin) (Figures 1B & 2B). However, it has been well documented 395 
that tidal waves, strong currents, and storm events can stimulate the formation of nepheloid layers 396 
in the deep sea (Noble t al., 2015), along continental margins (Rusiecka et al., 2018), on 397 
continental shelf zones (Chien et al., 2017), and in riverine dominated coastal areas (Ferrari and 398 
Ferrario, 1989).  399 
We assume that in addition to the particle abundance, the composition and/or size of the 400 
particles could play a critical role in explaining the scavenging capacity of DPb onto particle 401 
surfaces. Apart from St. 24 on the shelf, DPb and LpPb from the nepheloid layers in the 402 
Argentine Basin follow a negative linear regression with a similar slope of circa -0.35 ± 0.3, n = 403 
22, R2 ≈ 0.41 (Figure 3C; average slope 1: -0.38 and slope 3: -0.32), indicating that the removal 404 
of DPb is related to the abundance of resuspended particles. However, samples from St. 24 (the 405 
only station on the shallow shelf) describe a negative linear regression different to the other 406 
stations, with the slope of -0.15 (R2 = 0.85) being slightly less steep, suggesting thatDPb was 407 
less efficiently removed from bottom waters on the s lf. A possible explanation might be change 408 
in particle size (Rusiecka et al., 2018), and/or a ch nge in composition of the particulate pool 409 
(Balistrieri et al., 1981), however, since it is data from just a single station (three data points), the 410 
results should be interpreted very restrictively. 411 
Recent observations in the North Atlantic and Philipp an Sea indicate a possible sedimentary 412 
source of DPb (Noble et al., 2015; Chien et al., 2017), suggesting that there is a dynamic 413 
equilibrium between DPb and suspended particulate Pb (Rusiecka et al., 2018). Based on 224Ra 414 















Rusiecka et al. (2018), for instance concluded that DPb is released from suspended sediments 416 
that are strongly enriched in Pb, leading to an accumulation of both DPb and LpPb in bottom 417 
waters of the Celtic Sea. Whilst being in contradiction to the findings of the present study, the 418 
observation of Rusiecka et al. (2018) and others might be explained by the size of the available 419 
reservoir of sedimentary Pb. While sediments in Northern Hemisphere oceans received larger 420 
amounts of mineral and anthropogenic Pb by atmospheric d position (up to 80 µg Pb g-1 in shelf 421 
sediments at the Iberian peninsula, North Atlantic (Mil-Homens et al., 2016)), sediments in the 422 
Southern Hemisphere received less Pbmin and Pbanth (roughly 3 µg Pb g
-1 in shelf sediments off 423 
the west coast of Chile, South Pacific (Chandía andSalamanca, 2012)), indicating a less 424 
pronounced reservoir of sedimentary Pb in Southern H misphere oceans.  425 
 426 
4.3 Tracing water masses using DPb  427 
Concentrations of DPb indicate the recent supply of mineral and anthropogenic Pb to the 428 
surface ocean (Bridgestock et al., 2016; Bridgestock et al., 2018). Lead removal processes, such 429 
as scavenging and water mass mixing will reduce DPb concentrations (Helmers and van der 430 
Loeff, 1993; Luengen et al., 2007; Chuang et al., 2014), lowering initially elevated DPb 431 
concentrations in water masses slowly with time when the atmospheric supply is reduced or 432 
stopped (Yang et al., 2015). However, elevated DPb concentrations may persist for a period of 433 
time. This has been shown to be the case for NADW and MOW (IDP 2017; section GA02 & 434 
GA03 (Noble et al., 2015; Schlitzer et al., 2018; Zurbrick et al., 2018)), meaning that the 435 
residence time of DPb in waters situated below the surface layer (or in other waters with low 436 
particle abundance) is generally longer (up to 100 years (Nozaki, 1986)) than in surface waters 437 















We identified four surface and five deep water masses along the 40°S section, using 439 
temperature, salinity, and nutrient data both visually (Figure 1) and resolved their respective 440 
contributions in water mass fractions numerically using extended Optimum MultiParameter 441 
(eOMP) analysis (supp. Figure S1)). Even though indiv dual DPb concentrations are difficult to 442 
recognize for the nine water masses in the ODV plot of Figure 2, box plot statistics indicate that 443 
almost all of these water masses have a distinct DPb concentration (Figure 4). We assessed the 444 
water masses by their DIP and salinity characteristics and applied the DPb concentrations from 445 
each water mass to the box plot statistics. Median, f rst quartile, and third quartile for each water 446 
mass are listed in Table 2. 447 
4.3.1 Surface water masses 448 
Subtropical (STSW) and the subantarctic (SASW) surface waters are limited to the upper 400 449 
to 500 m of the water column and differ greatly by temperature, salinity, and nutrient content 450 
(Figure 1). Despite both water masses being separated by a biogeochemical divide (the STF) 451 
(Figure 1), DPb concentrations are similar (12 ± 2 pmol DPb L-1; Figure 4). We can therefore 452 
assume that the combined magnitude of supply and removal processes created the uniform 453 
distribution of DPb in these otherwise very different water masses. 454 
In contrast to open ocean sites, two DPb hot-spots were found near the continental margins: 455 
(i) offshore of the South American margin, within the warm and salty Brazil Current (BC: 18 ± 3 456 
pmol L-1 (n = 14)), and (ii) within the warm but less salty Agulhas Current (AC ~ 23 ± 3 pmol L-1 457 
(n = 22)) near the South African margin (Figures 2 & 4). Whilst it is already known that the 458 
Agulhas Current is heavily loaded with Pbanth, carrying the supply signal from three distinct 459 
endmembers; (a) from the Agulhas Current source region in the Indian Ocean, (b) from South 460 















Paul et al., 2015), elevated DPb levels in the Brazil Current have not been reported before. We 462 
assume that similar to the Agulhas Current, elevated DPb concentrations in the Brazil Current 463 
originate from the tropical source region of the current at about 10°S (20 ± 3 pmol L-1 (n = 21) 464 
(Bridgestock et al., 2016)), and from Pb supplied by the atmosphere duing the passage along the 465 
South American coast. However, the contribution of the different Pb sources to the Brazil Current 466 
at 40°S remains unknown. 467 
4.3.2 Intermediate water masses 468 
Dissolved Pb concentrations gradually decrease fromroughly 12 pmol L-1 at the base of the 469 
surface ocean to circa 10 pmol L-1 at 1,750 m depth (Figure 4 & 4), which corresponds to the 470 
part of the water column we identified as AAIW and UCDW. Median DPb concentrations for 471 
AAIW of 11 ± 1 pmol L-1 are insignificantly higher than for UCDW (10 ± 1 pmol L-1). The DPb 472 
concentrations within the two water masses are not sta istically different from another. 473 
Nevertheless, we assume that the shallow depth of both water masses and the interplay of 474 
atmospheric deposition, vertical mixing, and surface s avenging modified the characteristic DPb 475 
concentration of UCDW and AAIW as the water masses w re transported from their source 476 
regions to 40°S (McDonagh and King, 2005; Morozov et al., 2010).   477 
4.3.3 The North Atlantic Deep Water  478 
While DPb concentrations in the water column of the Cape Basin (St. 1 – St. 11) gradually 479 
decreased with depth below 500 m, hence showing no clear indication for elevated DPb levels in 480 
the deeper ocean (NADW-e = 8 ± 1 pmol L-1 (n = 21)), by contrast, the DPb in the Argentine 481 
Basin (St. 12 – St. 22) had a visible subsurface maxi um (NADW-w = 12 ± 1 pmol L-1 (n = 30)) 482 















North Atlantic Deep Water is located between 1,750 m and 3,000 m depth and stretches over 484 
the entire 40°S transect, as illustrated by its salinity maximum, DIP minimum, and our results 485 
from the eOMP analysis (Figures 1 and S1). The salinity maximum gradually decreased from 486 
west to east (as DIP increased), from a fully pronounced salinity (and DPb) maximum near the 487 
South American margin (St. 20 and 21; 34.92 psu) to a more spread out and less pronounced 488 
maximum in the Eastern Cape Basin (St. 1 – 11; 34.77 psu; supp. Figure S4), suggesting 489 
differences in diapycnal mixing (the vertical diffusive component) between both basins. 490 
Assuming that the turbulent and diffusive mixing at 2,500 m (the depth of NADW), away from 491 
continental margins and seamounts, is similar to the mean world ocean background values 492 
(Kunze et al., 2006; Marzeion et al., 2007; Banyte et al., 2012). The decrease of the salinity 493 
maximum (from west to east) must be then related to the dwell time of NADW in the ocean 494 
interior. This suggests that NADW remains less modifie  (diluted & mixing with neighboring 495 
water masses), and is younger in the Argentine thanin the Cape Basin. This is in general 496 
agreement with what is understood of the oceanography of the region. Talley et al. (2011), for 497 
example, showed that due to fewer physical barriers (e.g. Mid-Atlantic Ridge), similar isopycnal 498 
layers at 2,500 m depth (NADW) extend further south in the western than in the eastern basin of 499 
the South Atlantic. In addition, Garzoli et al. (2015) showed that NADW waters transported with 500 
the Deep Western Boundary Current (DWBC) near the Brazilian margin reaches velocities of up 501 
to 10 cm s-1, transporting NADW waters quickly from the Equator  40°S. In contrast, common 502 
deep water velocities for the South Atlantic range from 0.2 to 0.9 cm s-1 (Huhn et al., 2008), 503 
ensuring a longer mixing time with adjacent waters.  504 
Accordingly, the most pronounced salinity and DPb maxi a at circa 2,500 m depth (up to 24 505 















on the eOMP analysis, contained roughly 80% NADW (supp. Figure S1). Waters from the 507 
remaining sites were already more diluted and contained between 60% and 70% NADW, 508 
indicating that NADW’s Pb signal at these sites hasbeen reduced by prolonged scavenging 509 
and/or dilution with low DPb waters (UCDW & AABW). Alternatively, since the samples with 510 
lower DPb concentrations represent older NADW than the samples with higher DPb 511 
concentrations, it may be that the older NADW was exposed to the atmosphere at a time when Pb 512 
emissions were lower (Zurbrick et al., 2018). 513 
 514 
4.3.4 The Bottom Waters 515 
Lowest DPb concentrations (<7 pmol L-1) from this study were detected below 3,000 m depth 516 
in AABW and WSDW. Although AABW is composed from WSDW we chose to distinguish the 517 
two along the section because very different blends of AABW can be seen on the section and 518 
related to the topographic control on the AABW spreading with very old AABW east and 519 
younger AABW west of the Mid Atlantic Ridge (Johnso 2008). The WSDW is restricted to the 520 
abyssal plain of the Argentine Basin and contained i significantly lower amounts of DPb (5.0 ± 521 
1.1 pmol L-1) than did AABW (6.0 ± 1.2 pmol L-1) (Figure 4 & S1). The differences are not 522 
statistically significant, implying that the source r gion of WSDW and the remaining AABW 523 
forming sites (e.g., Ross Sea, Cooperation Sea) received similar amounts of airborne Pb. To what 524 
extent other Pb sources, such as glacial melt (Ndungu et al., 2016), influence the Pb supply in 525 
both source regions remains unknown. 526 
4.3.5 Modeling the distribution of DPb 527 
 Based on the estimated amounts of AAIW, NADW, and WSDW in the water column 528 















numerically reconstructed using a fairly simple model (Figure 5). Together with the median DPb 530 
contents of AAIW (10.8 pmol L-1), NADW w. (12.0 pmol L-1) and WSDW (5.0 pmol L-1) (listed 531 
in Table 2), the ratio of AAIW, NADW, and WSDW in the water column were used to model the 532 
expected DPb concentrations. Thus, the modeled content of DPb reflects the mixing of NADW 533 
with AAIW and WSDW. Due to the limited applicability of the eOMP analysis in the surface 534 
ocean (e.g., nutrient uptake, atmospheric gas exchange), modeled DPb values are restricted to 535 
waters below 500 m depth.  536 
 The modeling results in Figure 5 compare well with the measured distribution of DPb in 537 
Figure 2A, reproducing the elevated DPb levels in NADW-w (DWBC) and the reduced DPb 538 
levels in WSDW (AABW). The residual between measured and modeled values ranges generally 539 
between +2 and -2 pmol L-1, suggesting that below 500 m depth, the DPb content in NADW and 540 
adjacent water masses is mainly controlled by water mass mixing. Moreover, other processes, 541 
such as Pb scavenging and vertical export, which considerably effect the DPb distribution in the 542 
surface ocean (Luengen et al. 2007), are only margin lly involved in the spreading of DPb in the 543 
deep sea.  544 
Although all deeper water masses (below 500m) along the JC086 section originate from 545 
regions upstream of the section (north and south) it still is reasonable to assume that the water 546 
mass composition along the section is the result of a mixture of endmember found at selected 547 
locations along the section (García-Ibáñez et al., 2018). Therefore we derived all source water 548 
definitions from JC086 observations (Table 2), guided by extrema in T/S characteristics. The in 549 
general low mass residuals of the eOMP analysis (Figure 5) confirm our assumption on the water 550 
mass definitions. The appearance of increased mass residuals in the eastern part of the section in 551 















Southern Ocean may have contributed to the water mass composition. However, the still low 553 
mass residuals (<4%) indicate a weak impact on the results presented here. 554 
 555 
5. Conclusion 556 
The ongoing effort to reduce the emission of Pb from coal fired power plants, ore 557 
smelters, and other anthropogenic sources to the environment has resulted in a continuous 558 
reduction of DPb concentrations in most parts of the Atlantic surface ocean. Nonetheless, present 559 
day dissolved Pb concentrations of the South Atlantic remain notably higher than preindustrial 560 
levels, with 58% of the DPb in these waters originating from anthropogenic sources. Continuing 561 
efforts in environmental regulations of Pb emission would be necessary to achieve DPb 562 
concentrations as low as our estimate of 5 pmol L-1 in the preindustrial South Atlantic surface 563 
ocean. 564 
It appears that to a limited degree, DPb can be used to trace water masses in the ocean 565 
interior. At the moment, subsurface water masses like AAIW, NADW, and AABW, and surface 566 
currents like the Agulhas and Brazil Current are sufficiently distinct in their DPb content for DPb 567 
to be useful as a tracer in the Atlantic Ocean. As our results show, the DPb content in the ocean 568 
interior is mainly controlled by the mixing of water masses, which suggests that the distribution 569 
of DPb below the upper 500 m can be estimated by (i) the ratio of the water masses and (ii) the 570 
Pb-signature of these waters at their source regions. Over the coming decades, however, 571 
thermohaline overturning circulation, internal mixing, will blend DPb signals of individual water 572 
masses, homogenizing the DPb content of the subsurface ocean, and perhaps obliterating the 573 
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Figure 1: A) Surface currents of the South Atlantic are indicated by white and blue arrows and 812 
labels, respectively (BC = Brazil Current; AC = Agulhas Current; SAC = South Atlantic Current; 813 
ACC = Antarctic Circumpolar Current; SAG = South Atlantic Gyre). Background color shows 814 
sea surface temperature recorded by the MODIS satellite at the time of cruise JC068. The 815 
Subtropical Front (STF) is indicated by the 16°C isotherm in grey. Trace metal stations are 816 
marked by black (JC068, St.1-3 and St.7-24) and grey circles (D357, St.1-6) and numbered from 817 
1 to 24 (station numbers 10 and 23 were excluded). The location of the Rio de la Plata estuary on 818 
the South American shelf is indicated. B.) Salinity and C.) dissolved inorganic phosphorous 819 
(DIP) in µmol L-1 in the water column. The following water masses were identified: Sub-Tropical 820 
Surface Water (STSW), Sub-Antarctic Surface Water (SASW), Antarctic Intermediate Water 821 
(AAIW), Upper Circumpolar Deep Water (UCDW), North Atlantic Deep Water (NADW), 822 
Antarctic Bottom Water (AABW), and Weddell Sea Deep Water (WSDW). The location of the 823 
Argentine (west) and Cape (east) Basin are indicated.  824 
 825 
Figure 2: A.) Dissolved lead (DPb) and B.) leachable particulate lead (LpPb) concentrations in 826 
pmol L-1 in the water column along the 40°S transect. Trace metal stations are marked from 827 
station 1 to 24 (Station numbers 10 and 23 were not used). LpPb values were available for cruise 828 
JC086 only. Water masses in Figure 2A correspond to wa er masses in Figure 1B & 1C. 829 
 830 
Figure 3: Diagrams row A.) Left diagram: Concentration of dissolved (DPb) and leachable 831 
particulate lead (LpPb) in the water column on the s allow shelf (St. 24)). Right diagram: Salinity 832 















sea St. 20. C.) Relationship between DPb and LpPb in bottom waters on the shelf St. 24 (black 834 
circles, regression 2), the deep sea for St. 20 (empty circle, regression 1) and St. 14 to St. 19, St. 835 
21 and St. 22 (black triangles, regression 3). A linear regression and the R2 for each set of data 836 
has been included.  837 
 838 
Figure 4: Box plot of the different water masses (similar to acronyms in Figure 1, but NADW in 839 
the western (-w) and eastern basin (-e) are separated). The median of each water mass is 840 
represented by the inner black line within each brown box. Upper and lower limit of the box 841 
represent the 25% and 75% quartile. Whiskers indicate lowest and highest DPb concentration 842 
applied for the box plot. Black crosses represent DPb values within the upper and lower whisker. 843 
Black circles indicate outliers (not used for the box plot). Outliers above the box-whiskers-844 
statistics of AAIW, UCDW, NADW-w, AABW, and WSDW belong to results from St. 20. With 845 
exception of St.24 the entire data set from cruise JC068 and D357 was used. The n-values for the 846 
water masses are listed in Table 2. 847 
 848 
Figure 5: (Upper panel) Shows model output for dissolved Pb (DPb) concentrations using the 849 
eOMP analysis with DPb source water signatures for AAIW, NADW, and WSDW (Table 2). 850 
(Lower panel) The residual in nmol L-1 represents the difference between modeled and measured 851 
















Table 1: Determined trace metal concentrations and standard eviation for n times analyzed 854 
standard seawaters (SAFe S; SAFe D1 and D2; GS – GEOTRACES S; GD – GEOTRACES D). 855 
The consensus value in grey for DPb is listed below the measured value. The analytical limit of 856 
detection (LOD) and the method blank are at the right side of the table. More detailed 857 
information about the used standard seawaters can be retrieved from the website: 858 
http://es.ucsc.edu/~kbruland/GeotracesSaFe/kwbGeotracesSaFe.html 859 
 860 
# SAFe S SAFe D1 SAFe D2 GS GD  LOD Blank 
         
         
Pb (pmol L-1) 48.4 ± 6.1 23.9 ± 3.1 28.9 ± 4.4 26.9 ± 3.2 45.3 ± 0.3  0.6 2.8 
Pb consensus 46.8 ± 2.1 27.0 ± 2.5 27.0 ± 1.5 27.8 ± 1 0 41.7 ± 1.5    
n = 25 5 19 6 3    















Table 2: Median water mass DPb concentrations for the 9 identifi d water masses (NADW-w 862 
and –e are separated). Also included the 1st (25%) and 3rd (75%) quartile of the box plot statics 863 
and the number of samples for each water mass. 864 
 865 
# Median DPb  Q1 Q3 n = 
(pmol L-1) (pmol L-1) (pmol L-1) samples 
          
AC 22.7 21.8 23.4 22 
BC 17.9 16.2 20.7 14 
STSW 12.0 10.9 13.1 59 
SASW 11.7 11.2 12.8 26 
AAIW  10.8 10.2 11.5 43 
UCDW 9.8 8.6 10.3 39 
NADW –w (Argentine B.) 12.0 10.3 12.3 30 
NADW-e (Cape B.) 8.1 7.4 9.0 21 
AABW 6.0 5.0 6.8 22 
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• Mineral sourced lead (Pb) accounts for circa 41% of the dissolved Pb pool 
• Dissolved Pb in the surface ocean has a residence time of roughly 35 days 
• Dissolved Pb is removed from seawater via particle scavenging processes 
• Most water masses in the South Atlantic have distinct dissolved Pb concentration 
